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Introduction
Packed beds are frequently used as one of the most typical reactors for noncatalytic gas-solid reactions. Since the packed bed reactor is operated under an unsteady-state situation, the operating conditions of the reactor are determined on the basis of the transient of the exit-gas composition of the bed. To estimate the exit-gas compositions one needs to solve Received April 1, 1983 . Correspondence concerning this article should be addressed to H. C. Park, now at Dept. of Chem. Eng., Chon-nam Natl. Univ., Kwangju, Korea.
VOL. 17 NO. 3 1984 the differential material and energy balance equations based on the rate data representing the behavior of an individual single particle packed in the bed.5 '7'10) The reaction between gas and solid is inherently transient because of the direct participation of solid phase. When significant structural change in the solid phase is accompanied by reaction, the reaction behavior of the single particle often becomes very complicated.13~16) Accordingly, it becomes difficult to represent the reaction behavior by an explicit functional formula in terms of the conversion of solid.
This work shows an approach useful in such situations, which directly utilizes the rate data obtained in the reaction of a single particle to predict the unsteady-state exit-gas compositions of the packed bed reactor operated under the same reaction conditions as those of the single particle. For verification of the proposed procedure the oxidation of reduced iron with water vapor has been dealt with. Here this system is treated as an example reaction which cannot be subjected to analysis to represent the dependency of conversion, rate on solid reactant by a certain functional formula.
1. Experimental
Materials
The reactant solid was a calcined mixture of reduced iron and inert silica. The original solid was composed of reagent-grade ferric oxide (Fe2O3) and silica powder (SiO2) which were well-mixed and blended with a proper amount of water, dried at room temperature for 3 days, and then calcined at 1050°C for 3h in air.
The calcined pellets were finely crushed and screened to particles of diameter ranging from 270
to 920/im for use as sample particles. It was confirmed that particle diameters in this range did not influence the conversion rate of either the reduction or the oxidation reactions.12)
The sample was first reduced to iron by hydrogen and then used for oxidation reaction with water vapor. The hematite in the sample was confirmed to be converted into iron according to Eq. (1).12)
Physical properties of the samples, both oxidized and reduced states, are listed in Table 1. 1.2 Experimental apparatus and procedures A quartz tube reactor of 10mminner diameter was used for both reduction of iron oxide and oxidation of reduced iron. Whenusing the reactor as a differential flow reactor, the exit conversion of the reactant was maintained at extents lower than 5%. On the other hand, when it was used as an integral flow reactor, a sufficient amount of sample particles of iron oxide was packed in the middle section of the reactor tube. The sample was heated in a stream of inert argon gas purified by passing through a reduced copper column to remove trace oxygen. The sample was first reduced by hydrogen. The reduction was confirmed to be completed whenthe hydrogen concentration at the reactor exit became equal to that at the reactor inlet.
The sample was then contacted with reactant gas for oxidation by switching the streamlines connected to the reactor. For the oxidation of reduced iron, the water vapor, diluted with argon to the desired steam partial pressure, was prepared in a steam generator. The flow velocity of reactant gas in the reactor tube was maintained at levels where gas-film resistance at the exterior of the particle was negligibly small. The reaction temperature was adjusted in the range 500-700°C, which includes the transition temperature of 570°C of wustite.3'n)
The progress of the oxidation reaction was followed by detecting moles of hydrogen gas produced
The gas discharged from the reactor was passed through a condenser to removethe unreacted steam.
Drying with concentrated sulfuric acid was then inplemented. The flow rate of the dried product gas was measured by a gasmeter to determine the amount of product gas. The outlet gas was sampled periodically during the course of the reaction and its compositions were determined using a gas chromatograph. The reaction was continued until gaseous hydrogen was no longer detected by the gas chromatograph, this being considered the termination point of the oxidation reaction. Experimental conditions are summarized in Table 2 .
Analytical Method

Theoretical base
The packed bed reactor with all its associated symbols is shown schematically in Fig. 1 , in which the following general reversible gas-solid reaction proceeds under isothermal conditions. A(g) +fcB(s) *± P(g)+?Q(s)
Assuming plug flow of gas, the differential material balance with respect to each reactant, the gas and the solid, is given by for Z>0 at t=0 (!) Both F(CA) and G(CB) represent the effect of the concentrations of gas and solid respectively on the rate of reaction. Here, we assume that pseudo-steady state approximation is valid for the conversion of gas. Then, Eqs.
(4) and (5) may be transformed into dimensionless formulae as |+^=0 (8) ok cO
where y=CA/CA0, XB=l-CB/CB0, k=Z/L, 0=*/t, K=bkCA0T, and t is the time factor defined by
Correspondingly, initial conditions become y=l at^=0 for 6>0 (ll) XB=0 at 9=0 for k>0 (12) In Eq. (9), g(XB) represents the variation of conversion rate with the progress of reaction.
Approximate solution
The packed bed reactor is divided into n sections of equal length. Then, inserting Eq. (9) where AX=Xjn and.jo=l. To simplify, we approximatef(yt) by/^-i). Then, Eq. (13) becomes yi=yi-i -K'Ahf{yi_l)g{XJ (14) Also, XBi may be obtained by the integral form of Eq. (9) .
Eq. (15) shows that the extent of solid conversion XBi at the (/)-th section at any time 9 is determined as a point at which the integral on the left-hand side becomes equal to the knownvalue of the integral on the right-hand side evaluated for the (/-l)-th section.
Once XBi is known, the concentration of gas from the (0-th section at any corresponding time may be predicted by Eq. (14).
Evaluation of g(XB)
It is well-known that the solid structure plays an important role in the reaction between gas and solid. The characteristics of the solid such as pore volume, pore size and pore surface area progressively change in the process of reaction, making the system in-
The system accompanied by variation of pore structure in the reaction becomes very complex in reaction behavior. In such cases it is not easy to represent g(XB) by an explicit functional formula in terms of XB. This work considers the simplest approach in which the dependence of reaction rate on solid concentration is directly evaluated by the rate data of a single particle currently used. The extent of conversion of a single particle at any time can be easily determined from a differential flow reactor. The rate of conversion (dXB/dt)Obs may then be obtained by graphical differentiation of the relation between extent of conversion and reaction time.
It should be noted here that the experimental conditions such as flow rate of gaseous reactant should be selected so that the film resistance exterior of the particle can be neglected. When the flow rate is adjusted at a high level, the amount of sample particles packed in the reactor tube should be increased accordingly so that the conversion of gaseous reactant becomesof an order of magnitudewhich can be detected with sufficient accuracy.
Whenthe conversion rate data for a single particle are obtained under the same operating conditions as for a packed bed reactor, the dependence of reaction rate on the solid concentration g{XB) is represented, in general, as
Kbk-F(CA)J\ dt Johs
The rate data thus obtained usually contain all the effects such as diffusion in the particle and variation of pore structure.
Therefore, the value of g(XB)
obtained here directly reflects the behavior of a single particle which is currently used in the reactor. Whenthe reaction is of first order or approximately first order with respect to gaseous reactant or also when it is controlled by chemical reaction or diffusion, the effect of gaseous reactant concentration is not included in g(XB).9) In such cases a series of data of g(XB) obtained at any concentration of gaseous reactant can be used for the calculation of the packed bed. In other cases, which are not dealt with in this work, g(XB) is dependent on gaseous reactant. 3. Results and Discussion 3.1 Reaction behavior of a single particle Figure 2 illustrates the progress of conversion during the course of oxidation of reduced iron with water vapor. The data are obtained at three different temperatures by a differential flow reactor under the conditions that no hydrogen is contained in the inlet reactant gas. The conversion rate can be evaluated at any extent of fractional conversion by taking graphical differentiation of the curves shown in Fig. 2 . It is obvious from the figure that particle size does not influence the conversion rate. Hence, the rate process When hydrogen gas is not contained in the inlet reactant gas we have CP=0. Then, with the aid of Eqs. (16) and (17), g(XB) is given by Figure 3 illustrates g(XB) calculated by Eq. (18) using the data at 560°C and 700°C depicted in Fig. 2 as an example. The values of k and Ka used in the calculation are listed in Table 3. 12) The figure also
shows an ideal case of g(XB)= l -XB for comparison at any extent of conversion XB. When g(XB) is represented by \ -XB, the reaction is considered to proceed uniformly throughout the par-tide. The uniformly proceeding oxidation of porous reduced iron at 700°C agrees with the results at high temperature above 700°C by Turkdogan et al}n~19) The value ofg{XB) for low temperature is significantly different from that of uniform conversion. This is considered to be caused by the structural changes of solid phase.12) The integral of l/g(XB) with respect to XB can be calculated by using these data of g(XB). The results are shown in Fig. 3 , which can be used for the numerical calculation of the transient of packed beds.
3.2 Transient of the exit-gas composition of the packed bed reactor Figure 4 illustrates a typical example of the transient of hydrogen concentration at the exit of the reactor when it is used as an integral reactor.
Hydrogenconcentration increases rapidly to a certain level at the initial stage and then holds a constant value for some time. Then it gradually decreases toward the end of reaction. Lowconcentration at the onset of operation is due to the induction period of the reaction. The constant hydrogen concentration is considered to correspond to the equilibrium concentration CH2* obtained by Eq. (17) as
where CH20,o signifies the concentration of water vapor at the inlet of the reactor. The equilibrium constant Ke evaluated from Eq. (19) using data shown in Fig. 4 agrees with that for the reaction between iron and magnetite listed in Table 3 .12)
For simulation of the transient of exit-gas composition the unconverted fraction y of water vapor at the reactor exit is nowplotted against process time.
Three series of data obtained at different temperatures are shownin Fig. 5 . Due to the induction period of reaction y comes downfrom a high value close to 1 to a low level in the initial stage. At a low temperature the reaction rate is not very fast and hence the unconverted fraction starts to increase without attaining an equilibrium value.
Simulation of transient behavior of beds
Starting from the inlet of the reactor, where i= \ and y0 = 1 all the time, we can calculate the right-hand side ofEq. (15) at any time 9. The calculated value is then located on the ordinate on the right-hand side of Fig. 3 , as shown by point P for example. XB and g (XB) at i=\ at each time 9 can be evaluated from the abscissa and the ordinate on the left-hand side, respectively, corresponding to point P, as illustrated by dotted lines. The value ofg(XB) at 9 allows one to evaluate y1 at time 9 by Eq. (14) . The integrated value of the right-hand side of Eq. It should be noted that, in the numerical calculation of the time integral of^_1? the time increment A9
should be smaller than that evaluated by the induction time. Otherwise, the low value of conversion rate during the initial operation time will not be reflected in the calculation of packed beds. Also, to simulate the transient of the exit-gas composition until the reaction completely terminates, one needs to evaluate g(XB) at a conversion very close to XB=1. In general, however, the contribution of almost completely converted solid reactant to the reaction of gas is not significant. Hence, when the integrated value of yi^1 with respect to 9 exceeds a certain predetermined value, g(XB) can be approximated by zero. The solid lines depicted in Fig. 5 are the calculated results obtained according to the procedures described above. The behavior of a single particle shown in Fig. 2 for each temperature is utilized individually. For the equilibrium constant the value shown in Table 3 is used. Agreement between the calculated results and the experimental data is excellent through the entire course of reaction irrespective of complex behavior of a single particle. Figure 6 shows a comparison of the predicted values with observed data, in which the time factor is changed experimentally. The minimumvalue of y in the initial stage approaches the equilibrium value as the time factor increases. Again the agreement between data and predicted results is excellent.
Conclusion
A numerical method to predict the transient of the exit-gas compositions of packed bed reactors in duration of operation time was proposed on the basis of direct utilization of the rate data obtained by the reaction of a single particle. The values calculated by the proposed method were shown to satisfactorily agree with the experimental data, dealing with the oxidation reaction of reduced iron with water vapor.
The approach proposed in this study may be applied to systems in which the dependency of the reaction rate on solid conversion is separable from its dependency on the gaseous reactant. 
